ABSTRACT This paper introduces three types of status information based on the current environmental perception and the information computing power of connected and automated vehicles (CAVs) and proposes an energy-efficient dynamic route planning algorithm without starting and stopping for the CAVs. The information types include real-time road traffic flow, traffic light and vehicle driving status (driving velocity and direction). The algorithm aims to minimize both time and energy consumption for the route. For this study, the feasibility of this energy-efficient route planning algorithm was first theoretically deduced. After introducing traffic light and driving energy consumption elements, a velocity-space-time three-dimensional network (VSTN) model was mathematically formulated to describe a dynamic route in addition to the design of the shortest route searching algorithm in VSTN. Two experimental road networks were then constructed to test and compare the energy efficiency. The first test scenario is a line road with two road conditions and various signal cycles and initial phases. The experiment shows that the cumulative energy consumption of the energy-efficient route under various scenarios is no greater than the normal route, ranging from 5.18% to 16.4%. The second test scenario involves a network located in the Jing'an district of Shanghai and is intended to verify the route searching function and energy efficiency. Compared to the traditional driving method, the new route reduces energy consumption by 10.36%. This study demonstrates that the energy efficiency does not correlate with the signal cycle or initial phase, and it appears to be random. The new algorithm proposed in this paper can be applied to dynamic route planning by CAVs and the goal of saving energy can be achieved in various road networks.
I. INTRODUCTION
Connected and automated vehicles (CAVs) carry advanced devices such as vehicle sensors, controllers and actuators, which are central to the integration of modern communication and network technology. Implementation of traffic information transmission and sharing between vehicles and other subjects (people, vehicles, roads, intelligent transportation infrastructures, etc.) enables complex environment perception, intelligent decision-making, coordination control
The associate editor coordinating the review of this manuscript and approving it for publication was Liang Hu. and execution. The appearance of a CAV makes it possible for vehicles and roadside infrastructures to interact with information and perform calculations immediately; it also provides a broad space for new travel services [1] , [2] . For CAVs, it is necessary to optimize the travel trajectory microscopically and make the route planning macroscopically [3] .
The process of vehicle route planning can be divided into a static route without a time factor and a dynamic route with a time factor. Park et al. [4] designed and implemented a dynamic route guidance system based on location information according to travel time information collected by roadside infrastructures. He et al. [5] , [6] proposed a dynamic route guidance strategy based on traffic conditions rather than traditional real-time travel time and further proposed a route guidance strategy based on traffic conditions that bring in free flow and congestion traffic condition estimation information. Saeed et al. [7] applied human cognition to vehicles and took advantage of fuzzy modeling and artificial neural network to enable vehicles to make intelligent route decisions in real time. Wang and Niu [8] proposed a method that used prediction information for dynamic route planning and designed a hierarchical algorithm for solving the optimal route of the large-scale traffic network. Compared with the static route, the goal of dynamic route planning is to select an optimal route from the origin to the destination (e.g., the shortest time, the lowest cost, etc.) by combining time-varying road network traffic flow status [9] . However, the current research does not consider the impact of energy saving factors on real-time dynamic route planning.
The ideal working situation for a CAV is that all static traffic information (road network structure, road section capacity, intersection traffic light layout scheme, etc.) and multisource dynamic traffic information (road traffic flow information, emergency information, intersection traffic light information, etc.) can be acquired in real time [2] , [3] , [10] . In the process of CAV dynamic route planning, different driving routes will lead to a different energy consumption.
Increasing attention has been given to the energy-efficient route of vehicles. Gao et al. [14] studied the relationship between energy consumption and travel time and schedule according to the station stop mode in the subway system, and then proposed a more energy-efficient express/local stop schedule optimization strategy. Based on the fact that the energy consumption of electric vehicles driving at a high speed is lower than driving at a moderate speed, Agrawal et al. [15] firstly studied the route selection problem of electric vehicles and the impact on the whole network under the new route selection mechanism and discussed various user equilibrium states under the corresponding situation. Jabbarpour et al. [16] proposed a new ant colony algorithm and combined it with the energy consumption prediction model to provide the shortest route with low energy consumption for driverless vehicles. Du et al. [17] proposed a promising hierarchical distributed coordination strategy of CAVs at multiple intersection, which lead CAVs travel through a road network without traffic light and avoid collision. In the coming future, road networks would be still with traffic light, whereas the networks traffic flows would be the mixture of manned and unmanned vehicles. It is a new challenge to solve an energy-efficient dynamic route more efficiently for new CAVs in future road networks with signalized intersections and mixed traffic flows.
The current research does not consider the influence of the periodic change of traffic lights in the road network on real-time dynamic route planning. One of the most important reasons for the forced start, stop and change of speed of vehicles on the road network is the periodic change of traffic light at intersections, which will undoubtedly increase the energy consumption and produce higher emissions during the driving period. Under the condition of acquiring real-time traffic information of a road network, a dynamic traffic route with the shortest time and the lowest energy consumption can be considered for CAV route planning. The fundamental starting point of route planning is to ensure the shortest time while trying to reduce the number of start and stop and to achieve energy savings. In the solution of the energy-efficient dynamic route, which involves multisource static/dynamic traffic information with different properties, the modeling idea of state-space-time (SST) networks is preferred. SST networks can clearly describe traffic problems with time attributes and is favorable for the solution and optimization of the problem [18] , [19] .
Considering the energy consumption functions of CAVs under different working conditions, this paper adopts new SST modeling ideas; we fully consider the effect of traffic light and the vehicle movement track in time and space. We formulate a dynamic energy-efficient route planning model to aim at shortest time and minimized energy consumption of CAVs. The purpose is to use real-time changes of the road network traffic flow to solve the most energy-efficient route dynamically. This method is then simulated and tested. We offer the following three contributions to energy-efficient dynamic route planning approach: 1) A new CAVs energy-efficient dynamic route planning approach coordinated with driving speed control strategy is proposed in theory.
2) A three-dimensional velocity-space-time networks (VSTN) model is formulated to solve energy-efficient dynamic route more efficiently.
3) A standard simulation procedure is designed to verify practical validity and time efficiency of the new energy-efficient algorithm, especially in a real large-scale traffic network.
The remainder of the paper is organized as follows. Section II formulates the energy consumption model and the energy-efficient driving strategy. Section III presents the dynamic space-time route planning model. Section IV designs the VSTN dynamic route solving algorithm. Section V conducts the two scenarios simulation and data analysis. Section VI concludes the article.
II. PROBLEM DESCRIPTION A. PRINCIPLE OF ENERGY CONSUMPTION CALCULATION
Existing energy consumption models can be divided into macro-models and micro-models. Between them, the macro model focuses on the analysis of the relationship between the overall vehicle average speed and energy consumption and emissions in a certain region, while the micromodel focuses on the study of the quantitative relationship between the instantaneous state parameters of the vehicle and energy consumption and emissions [20] . The micromodel is clearly more suitable for studying the relationship between the space-time trajectory of a vehicle and its energy consumption. According to the different input parameters, the vehicle energy consumption model can be divided into a forward model and a backward model. The forward model is derived by the rotational speed and torque parameters of the engine, while the backward model is derived by the calculated vehicle traction [21] . Table 1 shows some typical energy consumption models.
However, the existing models are mostly based on specific vehicle types and actual working conditions for data testing and fitting. The energy consumption calculation in this paper reflects only the energy saving effect of the proposed energy-efficient route without the need to obtain accurate energy consumption of the vehicles. Under the same test environment, an energy consumption calculation based on dynamic theory can reflect the difference of energy consumption between two driving strategies.
The vehicle driving process can be divided into four stages: idle speed, uniform speed, acceleration and deceleration.
The corresponding energy consumption is mainly caused by various resistances and mechanical losses. Since the energy-efficient driving strategy proposed in this paper will not affect the mechanical losses of the vehicle, these losses are not considered in this paper. In actual driving, traction is not required to do work for vehicle deceleration or while idling. However, during acceleration or uniform driving, the vehicle is subject to the combined action of traction F, resistance f , and the force relationship can be obtained according to Newton's second law:
where m is the vehicle mass and a is the vehicle acceleration (a ≥ 0). Then, the formula (2) for calculating vehicle energy consumption can be derived:
where T a is the acceleration time length and v 0 is the initial speed. In the process of vehicle driving, the resistance f , is mainly composed of wind resistance f w , and rolling resistance f r , as shown in equations (3) and (4) respectively:
where C D is the wind resistance coefficient (0.35), A is the windward area (2.4 m 2 ), v is the vehicle traveling speed, µ is the rolling resistance coefficient (0.015, refer to the general value from 0.015 to 0.020), and g is the gravitational acceleration (9.8 m/s 2 ). As an example, take a vehicle with a mass m, of 1500 kg and an upwind area A, of 2.4 m 2 , its energy consumption E a , is shown in equation (5):
When the acceleration, a = 0, the energy consumption can be calculated by formula (6) . Energy consumption per kilometer of a vehicle driving at a uniform speed is shown in Fig. 1 .
B. ANALYSIS OF ENERGY CONSUMPTION PER UNIT OF DISTANCE TRAVELED
Theoretically, there are two ways to travel the same distance, L. Using a determined uniform speed, v, formula (6) shows that the energy consumption of the vehicle is E c = 0.04Lv 2 + 220.5L; When the initial speed is 0 and the determined acceleration, a, is uniform, the total time required is shown in equation (7): Substituting equation (7) into equation (6), the energy consumption under the corresponding state is E a = 0.04aL 2 + 220.5L + 1500aL.
To compare the energy consumption relationship between the two driving states more clearly, let L = 100 m, then the difference between the energy consumption under acceleration and uniform driving state is E = E a − E c = 1.9 × 10 5 a−4v 2 , as shown in Fig. 2 . The figure shows that when the acceleration of the vehicle is less than 0.1 m/s 2 and the speed of the uniform vehicle is greater than 100 km/h (red region in Fig. 2b ), E ≤ 0. At this time, the energy consumption of vehicles traveling at a uniform speed is high, but this situation is relatively rare (the probability is approximately 0.000625). Under most normal circumstances, a vehicle running at a uniform speed uses less energy. Considering that most of the vehicles in urban traffic are in a low-speed slow-moving status, the energy consumption of driving at a uniform speed is significantly lower than that of driving at an accelerated speed through a section of the same length.
C. ANALYSIS OF THE ENERGY-EFFICIENT DRIVING ROUTE
Compared with the conventional vehicles, CAVs can know both their real-time positions, velocities and the networks' signal and traffic flow status more accurately. These advantages make energy-efficient dynamic route planning possible. To plan the energy-efficient driving route, it is necessary to reduce the number of starting and stopping times of the vehicle and to try to pass through each section at a uniform speed, as shown in Fig. 3 . Three energy-efficient routes with different starting times are shown in the figure and each intersection can be passed without stopping by controlling the driving speed.
During a single cycle of the driving process (a section and an intersection), vehicles can pass through in two ways, as shown in Fig. 4 . First is to travel at the normal maximum allowable driving speed (the energy saving factor is not taken into account). If it is a red-light cycle when arriving at the VOLUME 7, 2019 intersection, it will stop and wait to pass, otherwise it will pass normally (as shown in the dotted line in Fig. 4) . Alternatively, vehicles can pass through the intersection as soon as possible without stopping within the allowable speed range referring to the moment that the green light is illuminated at the following intersection. (as shown in the solid line in Fig. 4) .
The maximum allowable driving speed, v max d,h , of any directed section, d ∈ D(D is the collection of directed sections), in the road network at any time period, h ∈ H (H is the collection of time periods), depends on the maximum passing capacity, C d , of the section and the current traffic flow, q h d , which can be calculated by equations (8) and (9).
where 
where t red d,h is the time when the reference vehicle waits for the red light at the end of the road section.
III. DYNAMIC SPACE-TIME ROUTE PLANNING MODEL
Taking into account the actual traffic flow state in the road network and the current real-time position of the vehicle, the goal of the dynamic space-time route (DSTR) planning is to calculate the current optimal route. In regard to energy-efficient dynamic route planning, it is a sequential trajectory in VSTN which ending at target node. To achieve dynamic route planning for CAVs, the following four assumptions are made in this study: 1) A CAV can acquire the whole road network traffic information in real time and have a certain data storage and calculation capability.
2) It is assumed that the period and phase of all intersection signals in the road network can be obtained.
3) It is assumed that the driving speed on a road section can be informed and controlled.
To express the dynamic space-time route more clearly, construct the route planning model accurately, and improve the efficiency of the route solving algorithm, we first introduce the modeling idea of state-space-time network and construct the velocity-space-time network.
A. PHYSICAL NETWORK MODEL
G N phy , D represents a traffic network composed of a finite number of nodes, where N phy represents the network physical node set, n represents a physical node in the network and n ∈ N phy ; r represents a start node and r ∈ N phy ; and s represents an end node and s ∈ N phy .
B. VELOCITY-SPACE-TIME NETWORKS (VSTN) MODEL BUILDING
VSTN is composed of three-dimensional coordinates, which include the time dimension (T ), the space dimension (S) and the velocity dimension (V ). The basic idea of building VSTN is to map nodes and sections in the physical network to nodes and arcs in VSTN, respectively. Moreover, the transformation of nodes needs to take the semaphore elements into full consideration, and to split and map according to the phase of the traffic lights. The mapping of road segments needs to take full account of the relative physical location relationship. The VSTN build steps are as follows:
Step 1: Build a collection Q of VSTN space-time nodes.
Step 1.1: Build the virtual node collection, N vir n . If the physical node, n ∈ N phy , is a signal control intersection, it is 
FIGURE 9. Energy consumption illustrations (scenario 1 & signal cycle is 90 s).
divided into several virtual nodes according to its existing inlet and outlet. Generally, the physical nodes, n, have four inputs and outputs of east, south, west and north, so the corresponding virtual nodes can form a collection, N vir n , as shown in equation (12) :
= n in,out | in and out ∈ {east,south,west,north} , in = out (12) Therefore, n in,out is the virtual node that drives in and out of the direction of the physical node. The collection {east,south,west,north} represents the four directions of east, south, west and north, respectively. For example, a virtual node, n east,south , represents an east-in, south-out (left-out) split from a physical node, n. If the physical node, n ∈ N phy , is a nonsignal control intersection, then N vir n = {n}. Furthermore, a collection of all virtual nodes, N vir = N vir n | n ∈ N phy , can be constructed so that all lights existing at signal control intersections, n, can be represented by virtual nodes in the collection, N vir n . Fig. 5 illustrates the transformation of a signalized intersection into a VSTN node in one direction.
Step 1.2: Build VSTN space-time node collection, Q. For ∀n ∈ N phy , ∀t ∈ T , ∀v ∈ V , space-time nodes n in,out , t, v can be added to the VSTN node collection, Q.
Step 2: Construct a collection of space-time arcs, R.
Step 2.1: Construct the road segment moving arc collection A T .
For a directed road segment, d ∈ D, from G, the physical nodes at both ends are n and n of directed road segment, d, then it can be considered to add multiple road segments to the VSTN in turn. If the vehicle travels at an average speed, v, on the road section, d, the travel arc of the corresponding road section can be expressed as n in,out , n out, out , t, t , v, v and satisfies equation (13):
where n in, out , t, v and n out, out , t , v represent the spatial and temporal starting point and ending point of the segment moving arc n in,out , n out, out , t, t , v, v , respectively. Further, all sections of the arc will be added to the collection, A T .
Step 2.2: Construct the intersection moving arc collection, A C . For ∀n ∈ N phy , add the corresponding intersection moving arcs n in,out , n in,out , t, t , v, v one by one to form a collection.
Step 2.3: Construct a collection of space-time arcs, R. Space-time arcs collection, R = A C ∪ A T , thus, physical routes can be connected by arcs in VSTN to form corresponding space-time routes.
Step 3: Calibrate the arc weight. According to equation (14) , energy consumption of the corresponding space-time arc can be calculated and calibrated as the corresponding arc weight.
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FIGURE 11. Energy consumption illustrations (scenario 2 & signal cycle is 90 s).
where, i and j are the identification of a virtual junction node and i and j ∈ N vir . L and v are the passing distance of the junction and the passing speed of the junction, respectively. In this paper, idle energy consumption during red light waiting is not considered because the power at idle does not affect the vehicle's motion status parameters and the dynamic formula cannot deduce the power at idle. Ignoring idle energy consumption will narrow the energy consumption gap between energy-efficient vehicles and reference vehicles, but it will not affect whether the proposed energy-efficient strategy can save energy. As shown in Fig. 6 (left) , there is a simple road network composed of five nodes, where node 2 is the intersection with traffic lights. According to the VSTN construction method above, the physical node collection of the road network, {1, 2, 3, 4, 5}, can be extended into the corresponding virtual node collection, 1, 2 south,west , 2 south,north , 3 ,2 east,west , 2 east,north , 4 , 5 . 1 → 2 → 4 → 5 is a route from physical node 1 to 5, which can be represented by virtual nodes as 1 → 2 south,west → 4 → 5. Relabeling the 8 virtual nodes of the road network with numbers 1 to 8, the route from physical node 1 to 5 can be represented as 1 → 2 → 7 → 8. Assuming that the vehicle starts at time t1 and arrives at node 2, node 4 and node 5 at times t3, t5 and t6, respectively, and speeds v4, v3 and v5 are adopted on three sections of the route, successively, the space-time trajectory of the route in VSTN can be expressed as (1, t1, v4) → (2, t3, v4) → (2, t3, v3) → (7, t5, v3) → (7, t5, v5) → (8, t6, v5), as shown in Fig. 6 (right).
TABLE 2. Section simulation parameters (veh/h).

IV. VSTN DYNAMIC ROUTE SOLVING ALGORITHM
To find the dynamic energy-efficient route from node r to node s in the physical network, an optimal route may be found from the initial space-time node, (i, t, v), i ∈ N vir r , to the terminating space-time node j, t , v , j ∈ N vir s , in the VSTN. VSTN space-time nodes j, t , v , containing virtual junction nodes, j ∈ N vir s , may be the end points of the VSTN spacetime route. Similarly, there are multiple starting points of the VSTN space-time route, i.e., the dynamic energy-efficient route has multiple starting points and ending points in VSTN. Therefore, a virtual space-time starting point, (i o , t o , v o ), and a virtual space-time ending point, (j e , t e , v e ), can be set to establish virtual connection arcs with (i, t, v), i ∈ N vir r and j, t , v , j ∈ N vir s , respectively, and the corresponding arc cost is 0.
Set x i,j,t,t ,v,v is the route selection variable and if the arc, i, j, t, t , v, v , is on the selected route, it is equal to 1, otherwise, it is 0. Thus, the solving steps of the dynamic route are as follows:
Step 1: Input starting point, r, starting time, t o , and ending point, s.
Step 2: Find the optimal route from the starting point of virtual space-time, (i o , t o , v o ), to the end point of virtual space-time, (j e , t e , v e ). Objective function:
Subject to :
Step 3: Whenever CAV arrive at a junction, they need to judge whether the junction is the end point,s. If not, the current time, speed, road condition and node number of the intersection will be acquired immediately as the new VSTN starting space-time node, and the vehicle will return to step 1; otherwise, the operation ends and the destination is reached.
V. SIMULATION AND DATA ANALYSIS
Two scenarios were selected to test and analyze the energy efficiency of the dynamic energy-efficient route planning algorithm. The test scenarios are a linear simulation with traffic lights (no steering) and a network simulation (considering steering). To test the energy consumption efficiency of the energy-efficient route planning algorithm, we compared and tested the energy consumption under the normal route (maximum speed). MATLAB R2018a processing under Windows 10 is utilized for concluding simulation experiments. VSTN dynamic routing solving algorithm is implemented on a PC Intel Core i7 processor running 3.7 GHz, RAM of 8 GB. 
A. LINE SIMULATION SCENARIO
The line test scenario is shown in Fig. 7 , which is composed of five signal intersections and six one-way sections. The length of the section and the information of the section flow under the two test scenarios are shown in Table 2 . During the simulation, the vehicle moves from the left end to the right end. Fig. 8 to Fig. 11 illustrate the energy consumption under different traffic conditions and signal cycles when the initial phase is 0 seconds.
The figures show that under the four test conditions, the cumulative energy consumption of the energy-efficient route is lower than the normal route. Next, we tested additional cases, and the test data is shown in Table 3 . The table shows that the driving energy consumption of the energy-efficient route is lower than that of the normal route and the energy-efficient proportion is between 5.18% and 16.4%. According to the analysis results in Table 4 , the energy efficiency is weakly affected by the signal period and the initial phase and presents randomness.
B. NETWORK SIMULATION SCENARIO
The road network shown in Fig. 12 is from Jing'an district of Shanghai, and the marks on each road section in the road network represent the length of road section (m). Fig. 13 is a directed graph of the actual road network. The labels on the road sections represent the road section number and the road section capacity (veh/h). In the simulation process, node 1 is the starting node, node 54 is the end node, and the initial phase is 0 seconds. To simulate the dynamic traffic environment, the traffic volume of each section in the road network is updated at a one-minute refresh frequency. Fig. 14 (left) illustrates the solving process of the dynamic energy route. Assuming that the vehicle is starting at 09:00, vehicles learn traffic changes within the planning route at 09:03 and 09:04, and then they change the route. The vehicles plan a new route when reaching every crossroad; however, for illustration purposes, the process of dynamic route planning is only performed three times during the simulation. Fig. 14 (right) shows the planning route trajectory of space and time at three times. The simulated dynamic physical route for energy savings is 1-5-15-16-17-30-33-42-45-51-52-53-54. Fig. 14 shows the actual dynamic route of the vehicle in the tested road network. Fig. 15a illustrates the time-space trajectory of the vehicle route in the process of a network test, Fig. 15b illustrates the speed change of the vehicle on the dynamic route, Fig. 15c illustrates the speed adopted by the vehicle between adjacent nodes on the dynamic route, and Fig. 15d illustrates the moment when the vehicle reaches each node on the dynamic route. Fig. 16 shows the cumulative energy consumption of the two vehicles.
Additionally, 10 different O-D (origin-destination) were tested. Table 5 reflects the dynamic route, energy consumption and energy efficiency of different O-D. As seen from the table, the energy savings ratio of multiple groups of energy-efficient routes is between 6.59% and 14.53% with an average energy savings ratio of 10.36%. This indicates that the energy-efficient route efficiency under the network scenario is still higher than the normal route and the energy efficiency is still clear for different O-D. Fig. 17 shows the time-space trajectory of 9 other O-D dynamic routes.
VI. CONCLUSIONS
Compared with traditional vehicles, connected and automated vehicles can perceive the driving status and information of surrounding vehicles in real time and have certain data storage and calculation ability. At the same time, intelligent network vehicles also have the ability to control their own trajectory and perform route selection. Therefore, in pursuit of dynamic route calculation for energy savings of CAVs, this paper established an energy consumption model of a vehicle under various working conditions and proved the reasonability of driving strategy in theory. The VSTN model was formulated to describe the vehicle state information in time and space and design the shortest route algorithm under the VSTN. At the same time, the algorithm incorporates the solution of the dynamic route. Every time the vehicle arrives at a new intersection, the new optimal route is recalculated according to the current traffic information. The sequential trajectory formed by every new route is the optimal energy-efficient route solved by energy-efficient dynamic route algorithm under dynamic traffic circumstance. Finally, the energy-efficient route algorithm was simulated. The research shows that the energy-efficient algorithm proposed in this paper can improve the energy efficiency to a certain extent in a variety of road network states.
However, the CAV driving environment is complex and changeable, and energy consumption is restricted and affected by many factors. Thus, more thorough and detailed research on how to realize more comprehensive and accurate traffic environment modeling and energy-efficient dynamic route characterization is required. In addition, the introduction of the VSTN not only describes the dynamic spacetime route but also reduces the efficiency of the route search. Future research needs to design a more efficient space-time network route search algorithm.
